Carbonic anhydrase (CA) was purified from the saliva of pilocarpine-treated rats by inhibitor-affinity chromatography, and its localization in the rat submandibular gland was studied by the indirect immunoperoxidase technique using a monoclonal antibody (MAb) raised against the enzyme. SDS-polyacrylamide gel electrophoresis of the CA VI gave three bands of 33,39, and 42 KD. Enzyme digestion experiment showed that the 42 KD molecule was degraded into the 39 KD molecule and the 39 KD molecule into the 33 KD molecule. The cleavage of the 42 KD molecule was independent and that of the 39 KD molecule was dependent on endo-B-N-acetylglucos~osaminidase E but not the untreated salivary gland. The MAb recognized all the three components of the enzyme. Immunostaining for CA M was seen in the cytosol and secretory granules of serous acinar cells and in the duct luminal contents. Staining specific for erythrocyte CA (CA I and CA II) was observed in the cytosol of the epithelial cells of granular, striated, and excretory ducts. Among these duct cells, the agranular varieties in the granular and excretory ducts were essentially devoid of the immunoreactivity.( J Hisrochem Cytochem 40: [807][808][809][810][811][812][813][814][815][816][817] 1992) 
Introduction
described a novel carbonic anhydrase (CA) isozyme from saliva and parotid gland of sheep. Subsequently, the salivary CA has been purified from saliva of rat (lo), human (21, 26) , and sheep (12). These secreted isozymes are classified as CA VI because of properties that distinguish them from the wellknown cytoplasmic CA isozymes (CA I, CA 11, and CA 111). For example, cytoplasmic isozymes are proteins with a molecular weight of about 30 KD, whereas CA VI has a larger molecular weight (46 KD in rat, 42 or 40 KD in human, and 45 KD in sheep) and is a glycoprotein with the Winked oligosaccharide component (10) (11) (12) 21, 26) .
In human salivary gland, serous acinar cells and ductal contents react with antibody to CA VI (21, 28) . In situ hybridization histochemistry shows that the mRNA for sheep CA VI is expressed specifically in the serous acinar cells of parotid and submandibular glands (12). These facts suggest that the enzyme is synthesized and secreted by salivary serous acinar cells; however, more direct evidence has been lacking. It was therefore the primary purpose of this study to localize the isozyme in the secretory granules of rat submandibular gland in consideration of the secretion process of this merocrine gland.
It has been suggested that in human parotid and submandibular glands both CA VI and CA I1 co-localize within the secretory granules of serous acinarcells (28) . Hennigar et al. (17) have reported that the serous acinar cells of rat submandibular gland are immunoreactive to the antibody against human CA I. Therefore, our other purpose was to localize the cytoplasmic CA isozyme in the serous acinar cells of rat submandibular gland and to compare its distribution with that of CA VI.
To achieve the above purposes, monoclonal and polyclonal antibodies to purified rat CA isozymes were raised, and used for immunocytochemistry of salivary tissues.
Materials and Methods
All procedures were carried out at room temperature unless otherwise noted.
Purification of CA VI. CA VI was purified by affinity chromatography using CM Sephadex (C50; Pharmacia Fine Chemicals, Uppsala, Sweden), according to Feldstein and Silverman (IO) . Under light anesthesia with pentobarbital sodium (25 mg/kg body weight, IP; larger doses in combination with the pilocarpine treatment killed the animal), male Sprague-Dawley rats weighing about 400 g each were injected IP with pilocarpine (1.5 mglkg body weight) to elicit saliva secretion. The secreted whole saliva was collected into 1.8-ml tubes on ice with a Pasteur pipette, to which a similar volume of 0.1 M Tris-SO4 buffer (0.1 M Tris-SO4 and 0.2 M NazS04. pH 8.7) containing 0.2 M benzamidine was added. After a collection period of40 min. about 10 ml of saliva were obtained from 15 rats. The saliva-buffer mixture was centrifuged (16,000 x g, 30 min) at 4'C to remove extraneous material, diluted with three volumes of the same buffer, and then used immediately for purification of CA by affinity chromatography.
Five ml of affinity chromatographic matrix (CM Sephadex coupled to p-aminomethyl benzenesulfonamide) (27) were added to the diluted salivabuffer mixture and gently mixed on a rotary shaker overnight at 4'C. The affinity gel was collected with a sintered glass filter and washed extensively with 0.1 M Tris-SO4 buffer (pH 8.7). The gel was then loaded onto a 1.0 x 10.0-cm Econo-Column (Bio-Rad Laboratories; Richmond, CA) and further washed with 0.1 M Tris-SO4 buffer (pH 7.0) at a flow rate of 20 mllhr until there was no more protein in the plain elution buffer, as monitored by absorbance at 280 nm. To elute the enzyme, 0.1 M Tris-SO4 buffer (pH 7.0) containing 0.4 M NaN3 was used. Fractions containing the protein were collected, measured for carbon dioxide hydration activity of CA, and dialyzed overnight at 4°C against 0.01 M sodium phosphate-buffered saline (pH 7.2; PBS). The dialysate was concentrated and stored at 4'C.
Purification of CA I and CA II. Purification of CA I and CA I1 was performed according to Osborne and Tashian (27) with slight modifications. Under anesthesia with pentobarbital sodium (50 mglkg body weight; P), a total of about 70 ml of blood was obtained from the hearts of 10 rats. The red cells were centrifuged (500 rpm for 15 min, without anticoagulant), and the cell pellet was washed twice with physiological saline solution. The erythrocytes were then lysed with distilled water (12) and the pH adjusted to 6.0 with 1 N HzS04 to precipitate the cell stroma, which was removed by centrifugation (16,000 x g. 30 min) at 4'C. The stroma-free lysate was dialyzed overnight at 4'C against distilled water, the pH adjusted to 9.0 with 0.2 N NaOH, centrifuged (16,000 x g, 30 min, 4'C) to remove any further precipitate, and used for purification of CA by affinity chromatography.
Affinity gel was similarly prepared and loaded as described for CA VI purification. Fractions eluted with 0.1 M Tris-SO4 buffers containing 0.2 M KI. pH 7.5. and 0.2 M NaN3. pH 7.0. were dialyzed against PBS, concentrated. and used as CA I and CA 11, respectively.
Purification of CA from Salivary Glands. Twenty rats were separated into two groups. One group was anesthetized and treated with pilocarpine as described for collection of saliva, and the other group was injected only with pentobarbital sodium (without pilocarpine treatment). After 30 min. the rats were given an additional injection of pentobarbital sodium (25 mglkg body weight; IP), sacrifced by exsanguination, and the salivary glands excised. A total of about 5.4 g of salivary glands (1.25 g of parotid glands and 4.15 g of submandibular glands which were separated from the adjoining sublingual gland) was obtained from 10 animals of each group. The salivary glands were minced and then homogenized with a Physcotron homogenizer (Niti-on; Chiba, Japan). Both procedures were carried out in the ice-cold 0.1 M Tris-SO4 buffer (pH 8.7) containing 0.2 M benzamidine. The homogenate was centrifuged (12,000 rpm for 20 min, 4'C), and the supernatant was removed and used for purification of CA on an affinity gel. The procedure was the same as that for the purification of CA VI.
SDS-polyacrylamide Gel Electrophoresis (SDS-PAGE). SDS-PAGE was carried out according to the method of Laemmli (22). Two p1 of each of the purified enzymes (0.25 mg proteinlml) were boiled for 3 min in 18 pI of an SDS sample buffer consisting of 62.5 mM Tris-HCI. pH 6.8, 2% SDS, 0.01% bromophenol blue, and 10% glycerol, with or without 5% 2-mercaptoethanol. and loaded onto 10-20% polyacrylamide gradient gels containing 0.1% SDS. The gels were stained with Coomaaie brilliant blue Endoglycosidase Digestion. Purified enzymes from saliva and salivary gland from pilocarpine-untreated rats were digested by endo-e-N-acetylglucosaminidase F (endo F Boehringer Mannheim, Mannheim, Germany) according to Murakami and Sly (26) . Two PI of each of the enzymes (0.25 mglml) were incubated for 18 hr at 37'C with 10 pI of an endo F incubation buffer (0.2 units of endo F in 50 mM sodium acetate buffer. pH 5.5, containing 0.084% SDS, 10 mM EDTA, and 1% 2-mercaptoethanol). Thereafter, 8 pl of an SDS sample buffer were added and SDS-PAGE was carried out as described above. Controls for endoglycosidase digestion were performed by substituting endo F incubation buffer with the same volume of sodium acetate buffer (CA only), or substituting CA with the same volume of PBS (endo F only). were bled before the fint and the last immunizations to check the production of specific antibody by double-immunodiffusion analysis.
Three days after the last booster. splenocytes were obtained and fused with X63.6.5.3 myeloma cells as described by Gcfter et al. (15). but with slight modifications. Bridly. 1.3 x IO8 splenocytes and 1.3 x 10' myeloma cells in mid-log phase were mixed in the presence of 1 ml of 42.6% polyethylene glycol 1000 in Dulbecco's modified Eagle's medium (DME). After two washes with DME. the cells were re-suspended at a concentration of 1 x 1O' lml in DME containing 10% hone serum (DME-HS). seeded into 96-well microtiter plates (0.1 mllwell). and cultured at 37% in a 5 % CO2 incubator. On the n a t day, 1 x IO4 feeder cells (normal Balbk splenocytes and thymocytes) in 0.1 ml of DME-HS containing 100 pM hypoxanthine. 0.4 pM aminopterin. and 16 pM thymidine (HAT medium) were added to each well. After selection of the cells in HATmedium for 2 weeks. the supematann of wells with hybridoma clones were screened for reactivity against CA VI by the enzyme-linked immunosorbent assay (ELISA). Sevcral hybridomas reacrivc against CA VI were selected and grown in HT medium (HAT medium without aminopterin) for 1 weck and then in DME-HS. They were cloned twice by limitingdilution with normal Balb/c splenocytes and thymocytes as feeder cells. Antibody-secreting hybridomas were expanded in tissue culture and spent culture media were used as the source of MAb. The immunoglobulin isotypes of the MAb were determined using a screening kit (mouse monoclonal antibody isotyping kit; Amenham International. Poolc. UK).
(approximarely 2 pglml in 50 mM sodium carbonate buffer. pH 9.0) were added to each well of a polwinylchloride microtiter plate and incubated overnight at 4'C. After two washes with PBS containing 0.05% Tween 20 (PBS-Twcn 20). the wells were incubated for 2 hr with PBS containing 3% BSA to block unbound protein binding sites and washed two times with PBS-Tween 20. The wells were incubated first with 50 p1 of each of the hybridoma supernatants (diluted at 1:1 with PBS conraining 1% BSA: PBS-BSA) and then with the same volume of peroxidasc-conjugated goat F(ab)Z antibodv to mouse immunoglobulin (1:2000 in PBS-BSA containing 0.5% HS) (Cappel Laboratories; Cochranville. PA). These incubations were carried out for 1 hr at 37'C and each was followed by five washes with PBS-Tween 20. After colorization with O-phenylencdiamine-H20~ solution. color development. rdlecring antibody binding, was measured at 492 nm on a microplate reader (Tosoh; Tokyo. Japan). Control values were obtained from the wells in which the hybridoma supematanr was replaced by HAT medium.
Production of Polyclonal Antibody to Erythrocyte CA (CA I and CA 11). Antiserum to erythrocyte CA (CA I and CA 11) was raised in a male Ncw Zealand albino rabbit. One ml of a 1:1 minure of CAS I and I1 (0.125 mglml each) was emulsified with 1 ml of complete Freund's adjuvant and injected intradermally on the back skin of the rabbit. At 1 month after the primary immunization. the rabbit was boosted three times with the same volume ofantigen solution in incomplete Freund's adjuvant at 2-week intervals. The animal was bled before the fint and the last immunizations to check the production of specific antibody by double-immunodiffusion analysis. Ten days after the last booster. exsanguination was done and the antiserum obtained.
IgG fractions were prepared from pre-immune serum and antiserum by ammonium sulfate precipitation. followed by protein A affinity chromatography (Affi-Gel Protein A MAPS II Kit; Bio-Rad).
Western Blot. After SDS-PAGE under non-reducing condition (without 2-mercaptoethanol). the proteins were electrophoretically transferred from the gels to hydrophobic polwinylidene difluoride (PVDF)-bawd membranes (Immobilon PVDF Transfer Membrane; Millipore. Bedford. MA) by the semi-dry transfer technique for 45 min at a current of 180 mA in a transfer apparatus (Nihon Eido; Tokyo, Japan). Treatments with PBS containing 3% BSA for 1 hr at 37% and then with normal goat serum ( M O in PBS-Tween 2 0 Cappel) for 10 min at m m temperature were followed by incubation of the membranes with oneofthe primary antibodies(MAb at 1:IO dilution: rabbit polyclonal antibody at 1:200 dilution) for 30 min. After three IO-min washesof the membranes with PBS-Twecn 20. they were further incubared for 15 min with peroxiduc-conjugated goat antibody to mouse IgG (1:500 in PBS-Tween 20 containing 5 % hone serum: Tago. Burlinpme. CA) in the c u e of MAb as the primary antibody or that to rabbit IgG (1:500 in PBS-Tween 2 0 Cappel) in the c u e of rabbit polyclonal antibody as the primary antibody. After washing with PBS-Tween 20. the membrane was subjected to peroxidase staining with 3,3'-diaminobenzidine (DAB)-H202 solution. Negative controls were performed by substituting DME-HS (MO) for MAb or IgG prepared from prc-immune rabbit serum (1:200) for rabbit antibody.
Immunohistochemistry. Ran were anenhetized with pentobarbital sodium (50 mglkg of bodv weight; IP) and perfused through the wending aorta with a periodatc-lysinc-2% paraformaldehyde (PLP) fixative. The submandibular glands were removed and cut into small tissue blocks with an aid of a razor blade. The tissue blocks were further fued by immersion in the same fixative overnight at 4'C. They were washed serially in graded sucrose solutions (10-20% in PBS). embedded in Off compound (Miles;
Elkhart. IN). and frozen in liquid nitrogen. Cryostat xctions (6-8 pm) were cut. thaw-mounted on albumin-coated glass slide. air-dried. and transferred to PBS. Immunohistochemistry was carried out by the indirect im-ELISA. ELISA was performed according to the method described by Douillard et al. (9) with slight modifications. Fifty pI of CA VI solution munoperoxidasc technique.
For light microscopic immunohistochemistry. sections were incubated 4 2 K -
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for 10 min with normal goat serum (1:lO in PBS-BSA) to block nonspecific binding and then for 1 hr with one of the primary antibodies (MAb RCA67 at 1:10 dilution; rabbit polyclonal antibody at 1:200 dilution). Thereafter, to inactivate endogenous peroxidase activity, they were treated with 3' 10 H202 for 30 min. After the application for 30 min of peroxidaseconjugated goat secondary antibody to mouse IgG (1:50 in PBS-BSA containing 10% rat serum and 5 % horse serum) or to rabbit IgG (1:50 in PBS-BSA containing 5% rat serum), they were incubated with DAB-Hz02 solution for 5 min to visualize immunoreaction sites. All steps were followed by at least three 10-min washes with PBS. Sections were counterstained with methyl green, dehydrated, and mounted with Permount. For ultrastructural localization of CA VI and erythrocyte CA, the immunohistochemical procedures were basically the same as those for light microscopy. After 10-min treatment with normal goat serum, sections were incubated overnight with one of the primary antibodies at 4'C. Inhibition of endogenous peroxidase and incubation with peroxidase-conjugated goat secondary antibody to mouse IgG or rabbit IgG were performed as described above. Thereafter, the sections were re-fixed with 0.5 or 2.5% glutaraldehyde in PBS at 4'C for 10 min. and serially incubated with DAB (which contained 1% dimethyl sulfoxide) and DAB-Hl02 solutions, for 30 min and 5 min. respectively. After colorization, the sections were treated with 2% os04 in 0.1 M phosphate buffer, pH 7.4, for 1 hr, dehydrated, and embedded in an epoxy resin (Epok 812; Oken Shoji. Tokyo, Japan). For intrinsic osmiophilia to be suppressed, some sections were osmicated in 1% os04 reduced with GFe(CN)6 in 0.1 M sodium cacodylate buffer (pH 7.4. at 4'C for 45 min) (4). Ultra-thin sections were examined without counterstain using a JEOL 2000 EX electron microscope.
Negative controls for immunostaining were performed by substituting the primary antibodies with PBS. DME-HS (1:lO). and pre-immune rabbit IgG (1:200). As an additional control, sections were incubated with primary antibodies that had been pre-treated for 24 hr at 4'C with 0.125 to 1 mg/ml of CA VI or with the same amount of a 1:l mixture of CAs I and 11. and subsequently subjected to the remaining procedures of the indirect immunoperoxidase sequence.
Other Procedures. The Maren technique with slight modifications (29) was used to test for CA activity. Protein was determined by the procedure of Lowry et al. (23) with BSA as a standard. 
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Results
PurzFcation of CAS
The enzymes of male Sprague-Dawley rats were purified by inhibitor-affinity chromatography. In each elution procedure, only protein of a single peak was eluted, and this protein peak coincided with the peak of CA activity measured by the pH-changing method using carbon dioxide as a substrate. SDS-PAGE revealed three distinct bands for CA VI: two major bands had molecular weights of 42 and 39 KD, and one minor band had an M W of 33 KD (Figure 1 , Lane 1). Both CA I and CA I1 purified from erythrocytes showed a single band of 30 KD (Figure 1, Lanes4 and 5 ) . Salivary glands of the rats were homogenized and passed through the affinity gel so that any CA present would be selectively retained on the gel. The salivary gland CA from rats without pilocarpine treatment showed three bands: two major bands of 39 and 30 KD and one minor band of 33 KD (Figure 1, Lane 2) . The bands of 39 and 33 K D appeared to represent the corresponding bands of CA VI, and the band of 30 KD CA I and/or CA I1 (see below). On the other hand, the salivary gland CA from pilocarpine-treated animals showed several additional bands on an SDS gel (Figure 1,  Lane 3) . These included a 42 KD band which resembled a band of CA VI (see below). All the above mobilities of CA on SDS-PAGE were the same under reducing and non-reducing conditions (with and without 2-mercaptoethanol).
Endoglycosidase Digestion
Purified enzymes were digested by endo F to cleave N-linked oligosaccharides, and the change in SDS-PAGE profile was examined. Endo F digestion of the salivary gland CA without pilocarpine caused marked reduction in both width and intensity of the 39 KD band (Figure 1 even though the 39 KD band of endo F was superimposed on the 39 KD band of salivary gland CA (Figure 2 , Lanes 5 and 6). On the other hand, the digestion resulted in marked increase in the 33 KD band. It was therefore concluded that the 39 KD molecule was degraded into the 33 KD molecule. This cleavage was dependent on endo F activity, because CA only control did not show marked modification of the SDS-PAGE pattern (compare Figure  1 , Lane 2 and Figure 2 , Lane 4). SDS-PAGE patterns of CA VI (saliva CA from pilocarpine-treated rats containing the 42 KD molecule) were similar to those of salivary gland CA after incubation with and without endo F, except that salivary gland CA contained the 30 KD CA I and/or CA I1 band, i.e., the 39 KD band decreased and the 33 KD band increased due to endo F digestion (Figure 2 , Lanes 2 and 3). The 42 KD band that was observed in the native CA VI SDS-PAGE disappeared after incubation with and without endo F (Figure 2, Lanes 1-3) . Therefore, the 42 KD band degraded without catalysis by endo F. The width of the 39 KD band slightly increased after incubation without endo F (Figure 2 , Lanes 1 and 2), suggesting that the 42 KD molecule gradually degraded into the 39 KD molecule.
Production and Characterization of Antibodies
Fifteen days after fusion, the supernatants of the wells containing hybridomas were screened by ELISA against purified CA VI bound to a polyvinylchloride surface. After cloning of positive cells by lim-iting dilution, seven hybridoma cell lines were established and produced MAb with IgGl isotype. All the MAb exhibited similar reactivity and recognized all the three molecular weight components of the purified enzyme. Figure 3a shows a representative result of the Western blot analysis of RCA67 that was used for immunohistochemistry. The MAb stained the protein bands of 42, 39, and 33 KD in the CA VI blot, but not the 30 KD band in both the CA I and CA I1 blots. Conversely, polyclonal rabbit antibody to erythrocyte CA reacted with CA I and CA I1 but not with any of the CA VI components (Figure 3b ). As for the salivary gland CAS from pilocarpine-treated and untreated rats, the bands of 33, 39, and 42 KD were stained by the MAb but not by anti-erythrocyte CA antibody, and the band of 30 KD vice versa (Figure 3a , Lanes 2 and 3 vs Figure 3b . Lanes 2 and 3). This indicates that the former bands represent those of CA VI and the latter band that of CA I and/or CA 11.
Immunohtjtochemistry of C A VI and
Erythrocyte CA
In the sections stained with MAb RCA67, immunostaining localized CA VI in the serous acinar cells and luminal contents of the ducts (Figures 4a-4c ). When the duct contained a large amount of stained material, the apical cytoplasm of nearby duct-lining cells was also stained (Figure 4c ). The immunoreaction products in the serous acinar cells were distributed throughout the cytoplasm and tended to assume granular configurations (Figure 4b ).
Except for a few minor variations, subcellular localization of immunoreaction product was constant irrespective of concentration of glutaraldehyde and osmication (reduced or non-reduced 0~0 4 ) . Therefore, common findings will be described in the text and the variations due to different histological procedurestill be explained in the figure legends. Since reduced osmium provided better contrast between DAB reaction product and intrinsic osmiophilia, electron micrographs from specimens treated with reduced osmium will be presented.
In serous acinar cells, the intense reaction to MAb was seen in the cytosol between or surrounding secretory granules, where the cytoplasmic surface of rough endoplasmic reticulum (RER) was accentuated (Figure 5 ) . The secretory granules contained filamentous immunoreaction products. Specific staining was not confirmed in the duct-lining cells by electron microscopy.
Immunohistochemistry for erythrocyte CA disclosed the localization of CA I and/or CA I1 in the ductal segments, i.e., the granular duct, the striated duct and the excretory duct (Figures 6a and 6b) . The granular duct cells showed moderate to strong staining in the cytoplasm, mainly in the basal region (Figure 6b ). Moderate to strong staining was also seen throughout the cytoplasm of the striated duct cells. and weak staining in the apical cytoplasm of some excretory duct cells (Figures 6a and 6b ).
In the granular duct cells, except for the relatively agranular varieties, erythrocyte CA was distributed in the cytosol (Figure 7) . The agranular varieties of granular duct cells, which were a minor cell population in this ductal segment, were negative or only weakly positive (asterisks in Figure 7a ). Subcellular distribution of the erythrocyte CA immunoreaction product in the striated duct cells was similar to that in the granular duct cells (Figure 8 ). Staining was seen in the apical cytoplasm of the columnar excretory duct cells, which contained relatively numerous small granules (Figure 9 ). Staining was occasionally seen on the apical plasmalemma of both granular and agranular cells of reduced osmium-treated sections. However, these membrane stains were rarely observed when the sections were treated with non-reduced osmium. The membranebound form of CA I1 has been reported by Sapirstein et al. in the rat brain (29).
Immunohistochemistry was performed for the parotid gland at the light microscopic level. As was the case for the submandibular , - gland, CA I and/or I1 were detected only in the striated and excretory duct cells, and CA VI only in the acinar cells (not shown).
Negative Control..
No staining was seen when Immobilon membranes and tissue sections were stained with PBS, DME-HS, or pre-immune rabbit IgG. Pre-absorption of the primary antibody with corresponding antigen at 0.125 mglml abolished immunoreactivity attributable to both CA VI and erythrocyte CA in all tissue sites (Figures 4d and 6c ).
Discussion
Using antibodies specific to CA isozymes, the cellular and subcellular localizations of CA VI and CAS I and I1 in rat salivary glands were studied. When CA I and CA I1 were run on an SDSpolyacrylamide gel, a familiar band of 30 KD appeared. In contrast, the enzyme purified from saliva exhibited three distinct bands of 42, 39, and 33 KD. The molecular weights of the enzyme components are similar to those reported previously (10). Feldstein and Silverman (10) have reported that the largest component was 46 KD and was recovered from pilocarpine-stimulated saliva processed with the protease inhibitor benzamidine. They observed two smaller components, i.e., 39 and 33 KD, only when the saliva was processed without benzamidine. In this study using pilocarpine stimulation and benzamidine, however, the two smaller components (39 and 33 KD) were observed, thus suggesting that some degradation of the largest component took place even with benzamidine. The molecular weight difference for the largest component may be attributable to the difference in the affinity gel matrices used in the two studies; we used CM Sephadex C50, whereas Feldstein and Silverman used CM-Bio-Gel A. To ascertain the possibility that the 42 KD component represents the intact form of the enzyme and the others degraded forms, we next purified CA from the homogenate of salivary glands. The salivary gland CA from rats without pilocarpine treatment was composed of 39, 33, and 30 KD components, and never showed the band of 42 KD. On the other hand, when animals were treated with pilocarpine, the bands similar to those of CA VI appeared, i.e., 33, 39 and 42 KD bands. Therefore, it is more plausible that the 39 and 33 KD components represent the intrinsic components of rat CA VI and that the 42 KD component is synthesized under the influence of pilocarpine.
It has been shown that the activation of muscarinic-cholinergic receptors on salivary gland acinar cells decreases protein synthesis by these cells, but has no effect on protein N-glycosylation (3; also cf. 2). Since all the CA VIS studied are known to be glycoproteins with the N-linked oligosaccharide component (IOJ1,26) , the salivary gland cells, in response to the muscarinic-cholinergic stimulation by pilocarpine, might have increased N-linked glycosylation as compared with the amount of protein synthesis and produced larger than normal molecules of glycoproteins. We therefore examined the effect of endo-b-N-acetylglucosaminidase F (endo F), which can cleave N-linked oligosaccharides, on the 42 KD component of rat CA VI. The enzyme digestion experiment showed that the 42 KD component is degraded into the 39 KD component and the 39 KD component into the 33 KD component. The former process is endo F-independent, whereas the latter one endo F-dependent. Therefore, the 33 KD molecule would grow into the 39 KD molecule by glycosylation of its asparagine sites. On the other hand, although the 42 KD molecule contains the 39 KD (and therefore the 33 KD) molecule, the mechanism underlying the synthesis of the 42 KD molecule from the smaller ones remains to be elucidated.
The presently employed post-injection intervals after pilocarpine treatment, i.e., 30 min (salivary gland) and 40 min (saliva), may not be sufficient for concentration in and release via the secretory granules of newly synthesized 42 KD molecule. The kinetics of intracellular transport of newly synthesized secretory protein has been defined by autoradiography and cell fractionation (5,8,20) . The entire process, from the synthesis in RER to the concentrative packaging in secretory granules, takes about 1 hr for the pancreatic exocrine cells and about 2 hr for the parotid acinar cells. Therefore, the 42 KD component might have appeared not by de novo synthesis but by some unmasking effect of pilocarpine. Moreover, Garrett et al. (14) have suggested the operation of a constitutive secretion pathway in rat submandibular secretory cells for the protein secretion by parasympathetic nerve stimulation. If an antibody that distinguishes the 42 KD component from smaller ones was established, it will be interesting to see the subcellular distribution of the 42 KD component in pilocarpine-treated and untreated salivary glands.
Unfortunately, no MAb against rat CA VI showed any selective affinity for a particular component of the enzyme, and we could not examine the immunohistochemical location of each component in serous acinar cells. Howewr, they all recognized all the three components of CA VI, and are therefore regarded as an useful tool to identify CA VI irrespective of pilocarpine stimulation. Neither antibodies to CA VI nor to erythrocyte CA showed crossreactivity with the other isozyme. To date, a common antigenic site between CA VI and cytoplasmic CA isozyme has been observed only in human materials: CA VI crossreacts with antiserum to CA I1 and CA I1 with anti-CA VI (26).
To date, comprehensive studies concerning both cellular and subcellular localizations of CA in salivary gland have been carried out only histochemically, using the Hansson's cobalt method (6, 18, 25) . Both cellular and subcellular distributions of the CA activity in rat submandibular gland (6,25) are similar to those of the immunostaining described in this study. However, the present immunohistochemical study has demonstrated the discrete localization of CA isozymes: CA VI resides in the secretory end segment (serous acini), and CA I and/or CA I1 in the ductal segment (granular, striated and excretory ducts). Hennigar et al. (17) have shown the localization of immunoreactivity to anti-human CA I antibody in the serous acinar cells of rat submandibular tissue fixed with Carnoy's but not with Bouin's fixative. It is unlikely that the PLP fixative was not good for the retention of affinity for the antibody to erythrocyte CA in the serous acinar cells, because this fixative preserved both the antigenicity of CA VI in these cells and that of erythrocyte CA in the duct cells. Although the resemblance in the conformational property between human CA I and rat CA VI is not known, the anti-body to human CA I in the previous study might have reacted with rat CA VI in the serous acinar cells.
The localization of CA VI in the secretory granules of serous acinar cells has been confirmed by the present immunoelectron microscopic study. In consideration of the presence of immunoreactivity in the duct luminal contents, our work leads us to conclude that the isozyme is secreted by the serous acinar cells and is then transported to the oral cavity through the duct system. The immunostaining for CA VI in the apical cytoplasm of duct-lining cells may support their putative function of protein re-absorption by endocytosis (16) which, however, was not confirmed by electron microscopy. In addition to the secretory isozyme, this study has disclosed that the serous acinar cells of the rat submandibular gland contain cytosolic CA reactive with antibody to CA VI. Therefore, it may well be that the cytosolic enzyme and the secretory enzyme are designated as cytosolic CA VI and secretory CA VI, respectively.
To our knowledge, no glycoproteins with N-linked oligosaccharide residues occur in the cytosol of mammalian cells (1). Unlike the 39 KD component, the 33 KD component appeared not to be affected by endo F, which suggested that N-linked carbohydrate was not present in the 33 KD component. Therefore, the cytosolic CA VI in serous acinar cells may be composed of only the 33 KD molecule. The 33 KD cytosolic CA VI and the 33 KD component of secretory CA VI may be encoded either by different genes that produce very similar protein molecules, or by a single gene that produces different mRNA molecules by alternative RNA splicing, i.e., mRNAs with and without a nucleotide sequence for the signal peptide that directs the protein from the cytosol into the endoplasmic reticulum. In this context, it would be valuable to examine the subcellular localization of core peptides of 33 KD and 39 KD components in serous acinar cells. However, this must await the successful production of an antibody specific for each component, an endeavor that failed in this study.
Finally, this study has demonstrated the presence of at least two types of CA each with respect to their subcellular localizations in rat salivary gland. One type is the enzyme in the serous granules, which is secreted and carries out its activity in the oral cavity. Although the exact extracellular function of this CA VI is unknown, it is possible that the enzyme concerns such activity as pH regulation, maintaining ion balance in the fluid, and stabilizing macromolecules in the secretion (17). Another type is cytosolic in the serous acinar (CA VI) and duct epithelial (CA I andlor CA 11) cells. This type of enzyme fulfills its function in situ. According to the most widely accepted model for saliva production, the primary saliva produced by the acinus is modified as it flows through the ducts by the ductal re-absorption of Na+ and CI-and secretion of K' and HCO3-(16,lY). After movement of Na+ and Cl-into the acinar cells, C1-diffuses out of the cells through the luminal membrane, whereas Na+ is extruded into the intercellular spaces and diffuses paracellularly to the lumen. The presence of the two ions within the acinar lumen generates an osmotic gradient which induces the transepithelial transfer of water and thus formation of primary saliva (7,19,24). Therefore, by providing H+ and HCO3-for exchange with Na+, K+, and Cl-, the cytosolic enzyme of the serous acinar cells and that of the duct epithelial cells may facilitate acinar secretion of a primary fluid and ductal modification of the contents of the primary fluid, respectively. The heterogeneity of cell staining for CA in the granular and excretory ducts may indicate a functional heterogeneity of cells lining these ductal segments. In both granular and excretory ducts, agranular cells were devoid of CA staining. Morphologically, the agranular cells in these ductal segments have been suggested to be functionally less active than the granulated ones (30) .
